Several holographic storage demonstrations in which iron-doped photorefractive lithium niobate ͑LiNbO 3 : Fe͒ was used were presented in the past few years. 1, 2 Erasure of the holograms during readout has been one of the major problems in the practical realization of holographic read -write memories. We recently proposed and demonstrated a new, two-center holographic recording method of solving this problem by use of doubly doped LiNbO 3 . 3 Nondestructive readout was demonstrated in the initial experimental results, 3 but low recording sensitivity was the main problem with the method. In this Letter we demonstrate that by using a shorter wavelength for the recording light we can increase the sensitivity by a large factor. The partial loss of persistence (nondestructive readout) caused by using light of shorter wavelength for holographic reading is acceptable for many practical systems.
We performed experiments with a congruently melting x-cut 0.85-mm-thick LiNbO 3 crystal doped with 0.075-wt. % Fe 2 O 3 and 0.01-wt. % MnO. Properly annealing the crystal 4 yielded fully empty Fe traps and partially (more than 90%) filled Mn traps before sensitization with UV light. A 100-W mercury lamp (wavelength, 404 nm, unpolarized; intensity, 4 mW͞cm 2 , homogeneous) was used as the UV source. Recording was performed with two plane waves of coherent light with equal intensities and ordinary polarization interfering inside the crystal, with the UV light simultaneously illuminating the crystal. The angle between each beam and the normal the to crystal surface outside the crystal was 21 ± . The grating vector was aligned parallel to the c axis of the sample. Readout of each hologram was performed by use of only one of the recording beams, with the UV beam blocked.
The basic idea of two-center holographic recording is to use the UV light to bring the electrons from Mn to Fe via the conduction band, use these electrons to record the hologram with red or green light, and eventually transfer the electrons from the Fe centers back to the Mn centers by use of red or green light. This process results in a hologram that is stored in Mn centers that persists against further red or green illumination.
Figures 1(a) and 1(b) show typical recording and readout curves for recording with red light (wavelength, 633 nm) and green light (wavelength, 514 nm), respectively, with simultaneous UV sensitization. In these experiments the intensity of each red beam was 300 mW͞cm 2 , and that of each green beam was 17 mW͞cm 2 . As Fig. 1 shows, the recording dynamics in both cases are similar, although recording with red light results in better persistence. The measure of recording speed, sensitivity ͑S͒, is normally def ined as
In Eq. (1), h, t, I Rec , and L are diffraction efficiency (ratio of diffracted intensity to incident reading intensity), time, total recording intensity (sum of the intensities of the two recording beams), and crystal thickness, respectively. The units of sensitivity in Eq. (1) are in centimeters per joule. Although Eq. (1) is a good measure of sensitivity in normal holographic recording, it does not include the effect of partial erasure during readout in two-center holographic recording. We can modify Eq. (1) to obtain a better measure of sensitivity in two-center holographic recording:
where Owing to the small mobility of electrons in the conduction band of LiNbO 3 , electrons need to go through this cycle many times for recording of strong holograms. As shown in Fig. 2(b) , electrons are excited by UV light from either Mn 21 or Fe 21 into the conduction band, whereas red light excites electrons only from the shallower Fe 21 and green light excites electrons mostly from Fe traps. The conduction-band electrons can recombine with both centers, and thus UV illumination populates the Fe 21/31 level partially, whereas red-or green-light illumination empties the Fe sites. During two-center holographic recording, the recording light excites electrons mainly from the Fe centers to the conduction band. These electrons are trapped at either Fe or Mn centers after moving a short distance in the conduction band. The electrons trapped in Fe centers can be used in the next cycle of excitation, movement, and trapping, whereas those trapped in Mn centers need to be transferred back to Fe centers (through the conduction band) by UV light before participating in another cycle. This requirement increases the average time of each cycle, resulting in a lower sensitivity than normal recording. This sensitivity loss can be reduced by use of higher UV intensities. Another reason for the smaller sensitivity in two-center recording is the partial erasure during readout represented by b in Eq. (2). In the recording experiments shown in Fig. 1, b is ϳ0.7 .
The sensitivity of holographic recording with red light is smaller than that of recording with blue or green light for both normal and two-center recording.
This smaller sensitivity is due to the position of Fe traps in the bandgap of LiNbO 3 . The absorption cross section of Fe traps at 633 nm is smaller than that at 514 or 488 nm. The bulk photovoltaic coefficient of Fe traps has a similar variation with wavelength. The effect of different absorption cross section of Fe traps at different wavelengths can be better understood from the bleaching experiments shown in Fig. 3 . First the crystal is sensitized by UV light for at least 1 h, and then the sensitized crystal is illuminated with a green or a red beam and the transmitted beam is monitored. As electrons are transferred from Fe to Mn traps during bleaching, the absorption of the monitoring beam is reduced. As Fig. 3 shows, to obtain comparable bleaching speed with red and green light we need to have a much stronger red beam (I Red 300 mW͞cm 2 , compared with I Green 17 mW͞cm 2 ). Therefore we expect the sensitivity when green and UV light are used to be approximately 300͞17 Ӎ 18 times better than the sensitivity when UV and red light are used. The small difference between this value and the actual measured value of a factor-of-20 sensitivity improvement probably is due to the role of additional factors such as the larger photovoltaic constant of the Fe traps at 514 nm. 
